We measured the extracellular (interstitial) pH (pHe) of RG-2 rat gliomas using H+ -sensitive micro electrodes and estimated the volume of tumor extracel lular space based on the tissue-plasma ratio of [14Clsu crose. The average RG-2 pHe was 7.63 ± 0.15 (mean ± SD, n = 6), whereas the average pHe of contralateral brain tissue was 7.34 ± 0.10 (n = 3) and arterial pH was 7.36 ± 0.02. RG-2 extracellular space water volume was estimated to be 0.3 ml water/g tissue. In separate experi ments in normal, nontumored rats, intracellular pH Abbreviations used: DMO, dimethyloxazolidinedione; pHe' extracellular pH; pHi, intracellular pH; pH p , plasma pH; pH" tissue pH.
In a previous report (Arnold et ai., 1985) , we es timated rat brain and brain tumor pH using quanti tative autoradiography and 14C-Iabeled dimethylox azolidinedione (DMO). We concluded that (a) the tissue pH (pHt) of intracerebrally implanted RG-2 gliomas is significantly more alkaline than that of control brain regions, (b) the intracellular pH (pH) of tumor cells is not significantly different from that of normal brain cells, and (c) the relative alkalinity of tumor tissue in our experiments and in those of others (Junck et ai., 1981; Rottenberg et ai., 1984 Rottenberg et ai., , 1985 is attributable primarily to the pH of tumor extracellular space, assumed to be equal to that of arterial plasma. The volume of the extracellular (pHJ was calculated for nine gray and white matter re gions based on measurements of tissue and plasma [I4Cldimethyloxazolidinedione concentration. pHi val ues ranged from 6.80 to 6.94, and no consistent gray white differences were observed. Our data suggest that tumor pHi is not more acidic than that of normal brain tissue and that the observed alkalinity of primary brain tumors is due to the presence of a large alkaline extra cellular space. Key Words: Brain tumor-Extracellular space-pH. space (Ve) was shown to be a major determinant of pHi in the two-compartment model developed by Waddell and Butler (1959) .
In an effort to refine our previous estimates of tumor pHi' we further characterized the extracel lular space of intracerebrally implanted tumors. In the present study, we measured the extracellular (interstitial) pH (pHe) of RG-2 gliomas (Wechsler et ai., 1972; Groothuis et ai., 1983b) using pH-sensi tive microelectrodes and determined the time course of [14C] sucrose equilibration between arte rial plasma and tumor extracellular fluid in order to more precisely define tumor Ve' Because the calcu lated pHi values of control brain regions in our RG-2-tumored animals were -0.3 pH unit more acidic than other reported values for pHi in normal brain tissue (Arnold et aI., 1985) , we utilized [14C] DMO to obtain regional measurements of pHi in normal, nontumored rats.
hemisphere of male CD Fischer rats (Charles River Breeding Laboratories) using a freehand injection tech nique (Groothuis et aI., 1983a) . The cells, obtained from a frozen stock, were thawed and grown in tissue culture before being pelleted and resuspended for injection in methylcellulose solution; � 105 cells were delivered in a volume of 2-5 f.lI. Rats were selected for sucrose experi ments when they showed signs of neurological impair ment (e.g., reduced spontaneous movement or hemipa resis), and the tumors obtained in this manner ranged in size from 2 to 8 mm in diameter.
Microelectrode measurements of pHe
For electrode recordings of tumor pHe, tumor-bearing rats were anesthetized with halothane (5% for induction, 3% for surgical procedures, and 1.0-1.5% during electro physiologic recordings) and spontaneously ventilated with a 30% oxygen-nitrogen mixture via an inhalation mask (Kraig et aI., 1985 (Kraig et aI., , 1986 . A small craniotomy was made over normal parietal cortex 2 mm lateral to the sag ittal suture and 2 mm posterior to the bregma. A second 2-mm-diameter craniotomy was made over the glioma at the bone hole through which tumor cells had been in jected into the brain. A tail artery was cannulated. An imals were then mounted in a stereotaxic headholder fitted with a water jacket to maintain body temperature at 37°C. Warmed (37°C) Ringer's solution flowed through a superfusion cup that was created around the craniot omies (Kraig et aI., 1983) . Double-barreled H + ion-se lective microelectrodes based on the H + ionophore trido decylamine (Ammann et aI., 1981) were constructed and used as previously described (Kraig et aI., 1983 (Kraig et aI., , 1985 (Kraig et aI., , 1986 . H+ ion-selective microelectrodes were advanced into the superfusion cup with a Narishige (Canberra) micro manipulator. First, normal Ringer's equilibrated with 5% CO2-95% O2 (pH 7.35 at 2YC, pH 7.47 at 37°C) flowed over the brain. Second, normal Ringer's equilibrated with 100% CO2 (pH 6.11 at 25°C, pH 6.18 at 37°C) replaced the first superfusate so that a two-point in situ calibration line could be established. Finally, Ringer's equilibrated with 5% CO2-95% Oz again filled the superfusion cup, and the H+ ion-selective microelectrodes were advanced into brain or tumor. Arterial pH, Peoz, and P02 were stabi lized and monitored with a Corning model 158 blood gas analyzer. Blood glucose was measured with a glucometer (Miles Laboratories, Inc.). Electrode recording depth was measured directly from the Canberra micromanipu lator. At the conclusion of recording sessions, animals were decapitated and their brains quickly removed and frozen in Freon over dry ice. Twenty-micron-thick histo logical sections were stained with hematoxylin and eosin. Needle tracts from the H+ ion-selective microelectrodes were identified in these sections and used to confirm that given H+ ion-selective microelectrodes recorded from ei ther normal brain or glioma interstitial space.
Determination of tumor extracellular space volume using [14C]sucrose
The time course of plasma sucrose equilibration with tumor extracellular fluid was determined in bilaterally nephrectomized animals using [14C] sucrose. Prior to the injection of [14C] sucrose, unilateral femoral arterial and venous catheters were placed under 2% enflurane170% nitrous oxide anesthesia; V -3 tubing was used for the venous catheter, PE-50 tubing for the arterial catheter.
The renal pedicles were ligated and the kidneys removed to prevent excretion of tracer. After surgery, the animals were immobilized with masking tape on a lead block and were allowed to recover for at least 2 h, during which time their body temperature was maintained in the range of 35-37°C by means of a heat lamp connected through a thermostat to a rectal temperature probe. Arterial blood pressure was continuously monitored via the arterial catheter using a Statham model 1280C pressure trans ducer and Hewlett-Packard stripchart recorder.
Immediately prior to radiopharmaceutical injection, 0.5 ml of arterial blood was analyzed for pH, Peo2, and P02 using a Corning model 168 pH-blood gas analyzer; the arterial hematocrit was determined by centrifugation. Fifty microcuries of [14C] sucrose (specific activity 552 mCi/mmol; Amersham) in 0.25 ml of an aqueous solution containing 3% ethanol was administered to each animal through the venous catheter and flushed with 0.25 ml sa line. Arterial blood samples for the determination of pH, Peo2, Po2, hematocrit, and plasma [14C] sucrose concen tration were taken every 30 min following injection during 2-h experiments (n = 5); hourly during 4-h experi ments (n = 5); at 1, 2, 3, 4, and 6 h during 6-h experi ments (n = 4); and every 2 h during 8-h experiments (n = 2). Immediately following the final blood sample, rats were decapitated; their brains were removed and cut in sagittal section, and tumor tissue was dissected free from the right hemisphere using blunt technique. Samples of tumor tissue, from which excess vasculature had been removed, were placed in tared vials for immediate weighing. After weighing, each tumor sample (range 10-106 mg) was added to I ml of a tissue-solubilizing so lution (NCS; Amersham) and allowed to stand at 50°C for 1-2 days. Solubilized samples were decolorized with benzoyl peroxide, cooled, diluted with 15 ml of scintilla tion cocktail (ACS; Amersham), and counted in a Packard model 3380 tri-carb liquid scintillation spectrom eter to determine tissue [14C] sucrose concentration. Scintillation counting was repeated until the count rates remained stable over a period of five counting cycles (at least 6 h) to allow for decay of chemiluminescence. Tissue-free samples containing NCS, benzoyl peroxide, and ACS served as blanks. For the measurement of plasma [14C] sucrose concentration, arterial blood samples were centrifuged, and 20-f.ll aliquots of plasma were pipeted into tared scintillation vials and weighed. Each vial was then filled with 15 ml ACS, shaken, and allowed to cool in the spectrometer before counting. Quench correction for tissue and arterial plasma samples was accomplished by means of external standardization.
The percentage extracellular space was calculated indi vidually for each animal assuming a plasma water content of 0.9043 g water/g plasma (Arnold et aI., 1985) . The values at each time point were averaged, and a step-ex ponential function was fitted to these averages using a nonlinear least-squares algorithm. The asymptote of the plot was taken to represent percentage extracellular space (g water/g tissue x 100).
Determination of brain tissue pH using [14C] DMO and quantitative autoradiography [14C] DMO was analyzed for radiochemical impurities by thin-layer chromatography using two solvent systems (chloroform-methanol and hexane-ether-acetic acid). Radiochemical purity was always >95%.
Autoradiographic experiments using [14C] DMO were performed in normal, non nephrectomized rats as pre viously described (Arnold et aI., 1985) . During a 2-h pe riod following [14C] DMO injection, arterial blood was sampled at 30-min intervals for the determination of pH, Pcoz, Po2, hematocrit, and plasma [14C] DMO concentra tion. Immediately following the final blood samples, the rats were decapitated and their brains were removed and frozen in liquid Freon cooled in dry ice. The frozen brains were coated in M-I embedding matrix (Lipshaw) and stored at -80DC for subsequent sectioning. Plasma [14C] DMO concentration was measured by liquid scintil lation counting as described above for [14C] sucrose. Frozen brains were sectioned at -20DC with a motor driven Bright model 5030 microtome (Hacker Instru ments); 20-f.1m-thick coronal sections were taken at reg ular intervals beginning 2 mm caudal to the frontal pole. At each level, two sections were taken for histological staining (hematoxylin and eosin) followed by four sec tions for autoradiographic analysis. Autoradiographic sections were dried and mounted as described by Soko loff et al. (1977) and exposed for 2 weeks to Kodak SB-5 x-ray film. A set of [14C] methylmethacrylate standards was included in each film cassette to relate optical den sity to tissue 14C radioactivity concentration (nCi/g). Au toradiographic images were digitized for computer anal ysis using an EyeCom II vidicon-based digitizer-image processing system. Regions of interest were selected on [14C] DMO autoradiograms using corresponding histo logic sections to aid in the identification of normal ana tomical structures. Brain regions analyzed included frontal-parietal and temporal cortex, dorsal hippo campus, striatum, thalamus, corpus callosum, cerebellar white matter, inferior colliculus, and the sensory root of the fifth cranial nerve. Calculations of pH, and pHi in normal brain were based on the Waddell-Butler equation (Waddell and Butler, 1959; Arnold et aI., 1985) . Table I . RG-2 glioma pHe was 7. 63 ± 0.15 (mean ± SD), whereas the pHe of normal brain contralateral to tumor was 7.34 ± 0.10 and arterial plasma pH was 7.36 ± 0.02. Tumor pHe was always higher than ar terial plasma pH, and the difference ranged from 0.01 to 0.47 pH unit. A representative H + ion-se- 37.2 ± 0.5 7.36 ± 0.02 65 ± 5 116 ± 7 6.9 ± 1.5 44 ± 2 109 ± 12 7.63 ± 0.15 (n = 6) 7.34 ± 0.10 (n = 3) lective microelectrode recording of tumor pHe' in dicating the recording sequence, is illustrated in Fig. 1 .
RESULTS

Physiologic variables and the results of micro electrode experiments are presented in
The results of [14C] sucrose extracellular space determinations are presented in Fig. 2 .
The results of [14C] DMO autoradiographic deter minations of regional pHt and calculations of pHi in normal rat brain are presented in Table 2 . It was assumed that gray matter water content was 0. 81 ml/g, gray matter extracellular water volume was 0. 15 ml/g, white matter water content was 0.69 ml/g, and white matter extracellular water volume was O. II ml/g (Arnold et aI., 1985) . Based on pre viously reported microelectrode measurements of normal brain pHe (Cragg et aI., 1977; Davies and Nolan, 1982; Mutch and Hansen, 1984; Kraig et aI. , 1985 Kraig et aI. , , 1986 , we assumed that pHe could vary be tween plasma pH (pH p ) and (pH p -0. 1). Thus, Table 2 contains two columns of calculated pHi values corresponding to the two assumptions for pHe' namely, (a) pHe = pH p and (b) pHe = (pH p -0. 1). Calculated regional pHt values ranged from 6. 99 to 7.04, whereas regional pHi(a) ranged from 6. 80 to 6. 88 and pHi(b) from 6. 87 to 6.94. No con sistent gray-white matter differences were ob served.
DISCUSSION
As we discussed earlier (Arnold et aI. , 1985) , the volume and pH of tissue extracellular (interstitial) space contribute significantly to pHt as measured by the [14C] DMO autoradiographic technique; ex tracellular space and pHe must be properly charac- The microelectrode was advanced with a micromanipulator to 2,000-2,500 flm below the tumor surface to record pH. = 7.84 (dashed line). The electrode was then raised in 500-flm increments (up arrowheads). pH. reached a maximum of 7.88 before a rapid fall to 7.46 (after the last up arrowhead). This latter change in pH reflected movement of the micro electrode from glioma interstitial space into the superfusion Ringer's. The electrode was again advanced into the tumor by 100-flm increments (down arrowheads). Note the standing gradient pH. near the surface of the tumor before pH. again reached 7.84 (dashed line) at �400 flm in depth. terized if pHi is to be calculated from the tissue blood partition coefficient of DMO. In the absence of direct measurements of RG-2 glioma pHe' we as sumed that tumor extracellular space was in acid base equilibrium with arterial plasma and that tumor pHe was equal to pH p . This assumption was based on the work of Groothuis et al. (1981 Groothuis et al. ( , 1983a , who demonstrated that RG-2 tumors are permeable to horseradish peroxidase and that they possess a blood-tissue transport constant for (X aminoisobutyric acid that is 25 times greater than that of normal brain, despite similar regional blood flow. Our direct micro electrode measurements, summarized in Ta ble 1, indicate that RG-2 pHe is consistently more alkaline than pH p , averaging 0.3 pH higher than arterial blood pH. This finding is somewhat surprising in light of the above-men tioned indirect evidence suggesting that tumor ex tracellular space resembles arterial plasma.
One possible explanation for the observed alka linity of RG-2 extracellular space is that the glioma cells are actively secreting bicarbonate. Although no direct proof exists for this hypothesis, it is cur rently accepted that at least some glial cells secrete bicarbonate to maintain brain acid-base homeo stasis (Swanson and Rosengren, 1962; Kimelberg et aI., 1982) . If the RG-2 glioma is considered as a mass of bicarbonate-secreting cells representing one side of a normally balanced glial-neural pH system (Kraig et aI., 1985) , then tumor extracellular space might be analogous to choroid plexus secre tion, which is a bicarbonate-containing solution at �7.5-7.8 pH (Ames et aI., 1964; Vogh and Maren, 1975) . This hypothesis is further supported by the observation that kainate-induced glial scars have alkaline pHe values similar to those of RG-2 tumors CR. P. Kraig, unpublished observations) .
The demonstration of a tumor pHe that is alkaline relative to arterial plasma underlines the impor tance of the value chosen for extracellular space volume in the calculation of tumor pHi using the Waddell-Butler equation. We previously estimated RG-2 extracellular space to be 0.17 g water/g tissue based on autoradiographic measurements of tissue [14C] sucrose concentration 2 h following an intrave nous bolus injection of the radiotracer. The use of intravenously injected [l4C]sucrose to estimate ex tracellular water volume in RG-2 tumor tissue as- sumes that all sucrose diffusing into the tissue is confined to the extracellular space. Measurements of tissue and arterial plasma [14C] sucrose concen tration (nCi/g) provide an estimate of the distribu tion volume of sucrose relative to plasma (g plasma/g tissue). Correction of this calculated value to account for plasma water content yields an esti mate of tissue extracellular space (g extracellular water/g tissue). The equilibration time of 2 h was based on the finding of Groothuis et al. (1981) that RG-2 tumors were " 100% permeable" to horse radish peroxidase within 15 min after an intrave nous bolus injection. However, Levin et al. (1972) reported that in mice with intracerebral ependy moblastomas, inulin (molecular weight 7,000 daltons), a much larger molecule than sucrose (mo lecular weight 342 daltons), requires 3-5 h to equil ibrate with a tumor extracellular water space of �30%. With this in mind, we repeated the [14C]SU crose distribution experiments allowing equilibra tion times of up to 8 h to ensure complete blood tissue equilibration. The results presented in Fig. 2 suggest that the extracellular space of RG-2 gliomas, as measured by sucrose, constitutes 30% of tissue weight and that intravenously injected su crose will equilibrate with this space within 3-4 h. Our data also indicate considerable variability as regards the extracellular space volume of individual tumors. This variability, as well as the above-men tioned discrepancy between our autoradiographic and tissue-sampling estimates of tumor extracel lular space, may reflect differences in tumor plasma volume. In our previous [14C] DMO autoradiographic studies, we estimated RG-2 glioma pHi to be 6.76 ± 0.12 (n = 6) (Arnold et al., 1985) based on the assumption that pHe = pH p and that tumor extra cellular space was 30%; we assumed in these calcu lations that our autoradiographically measured ex tracellular space of 17% was an underestimate of the true value. Recalculation of the DMO data for RG-2 gliomas assuming an extracellular space of 30% and that pHe = (pH p + 0.3) yields an average tumor pHi of 7.10 ± 0.11. This calculation also as sumes that although tumor pHe is more alkaline than aterial plasma pH, the concentration of [14C] DMO in tumor extracellular water (Ce) is iden tical to that in arterial plasma water (C p ) ' The im plication of this last assumption is that the blood tumor barrier is sufficiently permeable to DMO to allow passage of both un-ionized DMO and DMO-, but that the tumor cell membrane is impermeable to DMO-. If, on the other hand, one assumes that DMO distributes across the blood-tumor barrier in accordance with the observed pH gradient, Ce > C p and calculated tumor pHi drops below 6.0 pH when (pH p + 0.1) < pHe < (pH p + 0.2).
Based on our [14C] DMO quantitative autoradiog raphy measurements of regional brain tissue DMO concentration and measured arterial blood pH, and assuming normal brain pHe ranges between pH p and (pH p -0.1), pHi values for normal brain range from 6.80 to 6.94 (Table 2) . These values are slightly higher than those we reported previously for brain contralateral to tumor (6.61-6.78 pH) (Ar nold et aI., 1985) . The reason for this discrepancy is not apparent, although it may be that in tumored animals the relative acidity of the contralateral hemisphere represents a "remote" effect of tumor on cerebral metabolism (Di Chiro et aI., 1982; Beaney et al., 1985) . Our best estimate of normal rat brain pHi' together with the recalculated values of RG-2 glioma pHi based on direct microelectrode measurements of tumor pHe' suggest that tumor pHi is similar to that of normal brain and that the observed tissue alkalinity of primary brain tumors is due to the presence of a large alkaline extracel lular space.
